There is increasing use of molecular technologies to guide cancer treatments, but few cost data are available. Our objective was to assess the costs of molecular-guided therapy for patients with advanced solid tumors alongside the Molecular Screening for Cancer Treatment and Optimization (MOSCATO) trial.
INTRODUCTION
Precision medicine and molecular medicine in oncology were set as priorities in the third Cancer Plan in France. 1 France is one of the leading countries using molecular diagnosis in routine practice via 28 molecular genetics centers distributed throughout the country since 2006. 2 Recently, molecular profiling was implemented in clinical trials aimed at personalizing treatments. 3 Numerous research projects have been conducted regarding precision medicine in oncology. This concept implies customizing patient care according to an individual's characteristics and those of his or her own illness using either a biomarker or molecular profiling. A dozen clinical trials in oncology that use molecular profiling to guide therapeutic decision making are currently registered in the French National Agency for Medicines and Health Products Safety database (http://ansm.sante.fr). 4 In these trials, different molecular profiling technologies have been used to identify key genetic aberrations that can be targeted either by approved anticancer drugs or by drugs undergoing development (phase I).
The development of precision medicine has been buoyed by the clinical success of several molecular-targeted agents linked to predictive biomarkers. The emergence of targeted therapies in oncology has created an increased need for molecular diagnosis. Next-generation sequencing (NGS) technologies significantly increased throughput speed, making it possible for DNA sequencing to garner global genomic information about patients for whom therapeutic decisions can be made expeditiously. In the past few years, the cost of sequencing has decreased exponentially (by 5 in the past 10 years), 5 rendering NGS techniques affordable in clinical diagnostic settings.
Successful introduction of comprehensive molecular profiling in clinical practice relies on the development of high-throughput technologies that enable different molecular alterations to be identified in a cost-effective and timely manner. 6 In this respect, two different approaches have been developed. The first is comparative genomic hybridization array (aCGH) analysis, which allows comprehensive screening of chromosome copynumber abnormalities in clinical samples. The second is targeted gene-panel sequencing (75 genes), performed with NGS platforms, that deciphers the mutational status of the main cancer genes. Altogether, this molecular profile offers information about all the types of cancer-causing alterations associated with approved anticancer drugs or drugs in development.
However, there are still obstacles that prevent us from understanding the full consequences of the clinical adoption of personalized medicine. 7, 8 First, there has been no clear demonstration that precision medicine is capable of enhancing the overall survival of patients with advanced cancer. Second, although the current NGS platforms run faster and are less expensive per base than previous sequencers, the cost and time required to prepare samples for sequencing and to analyze sequencing results can compromise the potential benefits. Given the huge volume of data produced by new NGS technologies, several weeks are needed to fully interpret them. This is mainly because of the large number of nucleotide variants analyzed, including rare variants with little information available to determine their pathogenic effect or their therapeutic impact as actionable features. This data-interpretation time and its associated costs are critical to clinical routine diagnosis. Accordingly, these new technologies should be assessed from both the clinical and the economic points of view. There is a strong social demand to assess the costs of molecular medicine in order to determine whether these technologies are available to and affordable for different health-care stakeholders. Many questions are being raised regarding the most appropriate methods for performing an economic assessment in this context. 9, 10 Previous cost studies focused on the costs of the sequencer and reagents. 11 We identified a few genetic testing costs in cost-effectiveness studies of targeted therapies in oncology. However, most of them were based on public health reimbursement rates such as the Medicare fee schedule in the United States and TARMED in Switzerland 12 or those directly provided by commercial laboratories. 13 In these studies, cost is commonly confused with the notion of price.
14 To our knowledge, no previous prospective studies have assessed the overall costs of molecular-guided therapy including both the costs of profiling technologies and the cost of treatments. Our objective was to assess the costs of molecular-guided therapy for patients with advanced solid tumors. We conducted a prospective cost study alongside the ongoing Molecular Screening for Cancer Treatment and Optimization (MOSCATO) trial.
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MATERIALS AND METHODS
This paper reports the results of the economic evaluation conducted alongside the MOSCATO trial (NCT01566019).
MOSCATO trial
The MOSCATO study is a prospective, open-labeled, nonrandomized, molecular triage clinical trial conducted at Gustave Roussy, a French comprehensive cancer center. Its objective is to evaluate the feasibility of personalized medicine in patients with advanced solid tumors who experienced treatment failure. The planned accrual is 1,050 patients. After patient enrollment, ultrasound-or computed tomography-guided biopsies are performed by an interventional radiologist. The histology and the percentage of tumor cells are checked in all the samples (histological control) before any DNA extraction and molecular analysis by the genomics laboratory. Highthroughput molecular techniques are used to identify genetic mutations in tumor cells as previously described. 16 Briefly, aCGH analysis is performed using SurePrint G3 Human aCGH Microarray 4x180K (Agilent Technologies, Palo Alto, CA). The aCGH analysis is used mainly to detect tumor gene deletions and/or amplifications. 17 Targeted NGS is performed using the Ion Torrent approach (Ion Torrent PGM; Life Technologies, Darmstadt, Germany). The libraries are generated using the Ion AmpliSeq Library kit 2.0 according to the manufacturer's instructions (Life Technologies), starting from home-design multiplex PCR covering up to 75 target genes. Targeted NGS aims to detect any single-nucleotide variants (SNVs), including small insertion/deletion of targeted genes A weekly multidisciplinary molecular tumor board (MMTB) 19 convenes to optimize the management of patients with advanced and pretreated cancer who have undergone molecular testing. This MMTB, comprising oncologists, pathologists, molecular pathologists/biologists, and pharmacists, decides which treatment is best suited for each patient according to his or her molecular profile. Treatment is chosen in a defined order of preference: (i) a targeted therapy for the indication and approved by the European Medicines Agency (EMA); (ii) an experimental drug (phase I or II) targeting the identified alteration, an approved targeted therapy with temporary authorization for use, or a targeted therapy used off label; (iii) nontargeted conventional chemotherapy if no molecular abnormality is detected or if no molecular target is targetable by an existing drug.
A flowchart of the MOSCATO trial is shown in Figure 1 . The primary objective of the trial is to use high-throughput molecular profiling to improve progression-free survival compared with the previous line of treatment. Progression is defined according to RECIST (response evaluation criteria in solid tumors), clinical progression, or death from any cause. The cost analysis was a secondary objective of the trial.
Cost study
Direct medical costs were assessed from a payer perspective in the French setting. As recommended for trial-based cost analysis, we used the same time horizons for costs and outcomes. Resource use from the date of enrollment to progression was gathered in a database matching data collected within the trial on a case report form and patient-level data from Hospital Episode Statistics (Table 1 The cost of molecular diagnosis. Because no reimbursement tariffs were available for molecular tests using high-throughput technologies in France at the time of our study, the cost of molecular diagnosis was assessed using micro-costing through direct observation and interviews with staff. All relevant direct cost components were valued at the most detailed level by identifying resources used directly for a patient. 20 For molecular diagnosis, direct costs involved staff labor, consumables (including reagents, medical devices, and sequencing kits), equipment, and maintenance. Labor costs were valued using the time required to accomplish each task multiplied by the mean gross wage of each category of staff involved in each laboratory. Consumable costs were valued using actual consumptions and actual unit purchase prices. Equipment and maintenance costs were valued using their duration of use multiplied by their hourly cost. Hourly costs for equipment were calculated using the unit purchase price on the basis of 1,820 hours of use per year over a 5-year period. Similarly, hourly costs for maintenance were calculated using the annual contract maintenance fee divided by 1,820 hours of use per year. The overheads percentage (structure and administration costs) was obtained from the Gustave Roussy accounting system (+28% for tumor biopsy and +22% for the laboratory tests). The costs of molecular diagnosis were separated into seven steps: tumor biopsy by an interventional radiologist, dispatch of biological samples, histological control, aCGH, targeted NGS, bioinformatics analyses, and multidisciplinary molecular tumor board. The results were presented as the cost per patient, including all the diagnostic tests performed using a single sample.
The cost of hospital stays. All hospital stays at Gustave Roussy from enrollment until progression were extracted from the Hospital Episode Statistics database. The costs were computed using diagnosis-related group prices in France in 2014. Additional payments for long stays were considered, as were price cuts for short stays.
The cost of drugs
Anticancer therapies in the hospital setting. In the French prospective payment scheme, hospitals receive payment for several expensive anticancer therapies in addition to payment for the diagnosis-related groups. 21 The costs of the other anticancer drugs and supportive care are included in the diagnosis-related Anticancer therapies in the ambulatory setting. Over the past decade, oral antineoplastic medication has changed patient management in oncology, allowing more ambulatory care. 22 In addition, many anticancer targeted therapies are oral drugs. We used the French National Health Insurance drug reimbursement price list to value oral anticancer therapies administered in the ambulatory setting. We multiplied the defined daily dose (DDD) or an average dose calculated according to daily doses from the summary of product characteristics by the daily reimbursement tariff and by the treatment duration in days until progression for each patient.
Experimental drugs (phases I and II).
Some of the treatments used in the trial were experimental compounds (phases I and II) whose price has not yet been defined. Nevertheless, these drugs may be commercialized in the coming years, entailing a cost burden for the health-care system. Thus, we took into account the cost of these therapies using the average daily cost of targeted therapies available on the French market since 2011 (€5,394 per month), which we applied to the treatment duration.
Medical transportation costs. Although the majority of patients enrolled in MOSCATO live in the Paris area, patients from all over France could be referred to Gustave Roussy to enter the trial. We calculated the distance between the patient's home (zip code of residence) and Gustave Roussy. Distances for trips back and forth were valued using the tariffs from the National Health Insurance System (0.85€ per km).
Cost analysis
The cost of molecular-guided therapy was obtained by summing the cost of each component (molecular diagnosis, hospitalization, drugs, and transportation). Because some patients were not followed up at Gustave Roussy, it was not possible to collect all the resources used for these patients. The Bang and Tsiatis partitioned estimator 23 was used for hospital stays and drugs to account for cost censoring (different duration of follow-up for survival and for costs) assuming that the censored patients would have had the same resource use as the patients followed up at Gustave Roussy. The distribution of the total cost and that of each cost component are reported as means and bootstrap 95% confidence intervals. Mean progression-free time was estimated as the area under the Kaplan-Meier survival curve. It represents the time horizon used for estimating costs. The heterogeneity of the cost of molecular-guided therapy was explored in a subgroup analysis considering the following: the patients with an actionable target who theoretically could have received a molecular-guided therapy (n = 220) compared with the patients without an actionable target who did not receive a molecular-guided therapy (n = 309) and the patients who actually received molecular-guided therapy according to their molecular diagnosis (n = 105) compared with the patients (n = 424) who did not receive molecular-guided therapy whatever the reason (no molecular abnormality, death before treatment initiation, no targeted treatment available for the mutations identified). Finally, a sensitivity analysis was performed excluding the cost of experimental drugs (phase I and II) to study the impact of our hypothesis for the valorization of these early therapies that have not yet been marketed.
RESULTS
Population study
All patients enrolled in the MOSCATO trial from November 2011 to July 2014 were considered in the cost analysis. Patient characteristics are presented in Table 2 . At the time of the analysis, the study population consisted of 529 patients with advanced solid tumors. The mean age of the study population was 54 years (range: 3-82). The mean follow-up period was 145 days (range: 1-707 days). As expected, there were statistically significant differences in the cancer site between the two groups of patients with more breast cancer and lung cancer in the patient group with actionable targets (12 versus 6% for breast and 18 versus 15% for lung).
There were 220 patients with an actionable target (42%) who could have theoretically benefited from a targeted therapy. Among them, more than 93% of the patients (n = 205) had previously received chemotherapy or a targeted therapy ( Table 2) . The patients with an actionable target received either an experimental drug (44%) or a combination of chemotherapy and another anticancer drug (25%) or chemotherapy alone (17%) or a protein kinase inhibitor (11%) or an endocrine therapy (2%) or a monoclonal antibody (1%). The patients without an actionable target received either chemotherapy (46%) or an experimental drug (21%) or a combination of chemotherapy and another anticancer drug (15%) or a protein kinase inhibitor (10%) or an endocrine therapy (6%) or a monoclonal antibody (2%). Overall, 20% (n = 105) of the patients included in the cost analysis had an actionable target and actually received targeted therapy. In these patients, targeted therapies were either experimental drugs (n = 69 patients: 66 protein kinase inhibitors, 2 monoclonal antibodies, 1 endocrine therapy) or approved anticancer drugs (n = 36 patients: 18 protein kinase inhibitors, 12 monoclonal antibodies, 3 endocrine therapies, 3 combinations of targeted therapies).
Cost analysis
Complete molecular diagnosis (micro-costing).
The cost per patient of a complete molecular diagnosis obtained by micro-costing amounted to €2,396. The cost breakdown of molecular diagnosis is shown in Figure 2 . High-throughput technologies (CGH and NGS) accounted for only 40% of the total cost of molecular diagnosis. The tumor biopsy (mean duration: 75 min) and histological control represented 17 and 16%, respectively, of the cost per patient of molecular diagnosis. Molecular profiling was unsuccessful in 160 patients (30%). The failure was due to insufficient biopsy tissue (low rate of tumor cells), insufficient DNA (quantity or quality), and failed library preparation. Because the specimens of these 160 patients were not analyzed by NGS or CGH, the cost of molecular diagnosis was much lower in these patients.
Cost of molecular-guided therapy. Overall, the cost of molecular-guided therapy per patient amounted to €31,269 (95% CI: 26,181-37,765) ( Table 3 ). The main cost drivers were anticancer drugs (54%) and hospitalizations (35%). These drugs were prescribed in phase I/II trials or in daily practice. The phase I and II drugs were protein kinase inhibitors (70%), monoclonal antibodies (14%), endocrine therapies (8%), and other antineoplastic drugs (8%). Molecular diagnosis based on resource use measured in the MOSCATO trial amounted to €1,844 and represented only 6% of the cost of the molecularguided therapy ( Table 3) . Transportation costs accounted for 5% of the cost of the molecular-guided therapy.
Subgroup analysis. In the subgroup analysis, the cost of molecular-guided therapy per patient ranged from €29,091 (95% CI: 23,423-35,523) to €35,079 (95% CI: 28,421-42,334) ( Table 3) . When patients with an actionable target were compared to patients without an actionable target, there was little difference in expensive anticancer drug costs. Hospitalization was the second cost driver of molecular-guided therapy (€8,682 and €11,043, respectively, in each group). For hospital stays, the main cost driver was chemotherapy administration. The cost of hospitalization was much higher (+27%) for patients without an actionable target. As a result, the cost of molecular-guided therapy was higher for these patients. By contrast, as expected, in the second comparison (targeted versus nontargeted therapy), the cost per patient of molecularguided therapy was higher in the targeted treatment group and amounted to €35,079 (95% CI: 28,421-42,334) compared to €29,183 (95% CI: 23,000-36,315) in the nontargeted treatment group. This was explained mainly by a higher cost of expensive anticancer drugs (€22,666 versus €14,488) and particularly for the experimental (phase I/II) drugs (€14,733 versus €4,193). Within the targeted treatment subgroup, the cost of molecularguided therapy per patient was €35,768 (95% CI: 26,907-44,711) for patients who received experimental drugs (n = 69), whereas it was €27,294 (95% CI: 24,526-39,314) for the patients who received an approved targeted therapy (n = 36). The cost of molecular diagnosis was lower for both the nontargeted treatment group (€1,707) and the nonactionable target group (€1,651) because most of these patients did not benefit from a complete molecular diagnosis in seven steps (Figure 2) . Mean progression-free time was not statistically significant across subgroups ( Table 3) .
Sensitivity analysis. A sensitivity analysis was performed to determine the impact of the cost of phase I and II drugs on the overall cost of molecular-guided therapy. The cost per patient of molecular-guided therapy amounted to €23,584 (95% CI: 19,420-29,102) when phase I and II drugs were not considered (i.e., it decreased by €7,684).
DISCUSSION
To our knowledge, this is the first study to analyze health-care costs attributable to molecular medicine in oncology conducted alongside a prospective clinical trial. This case study provided primary cost data that showed that sequencing technologies accounted for only half the cost of a complete molecular diagnosis. Incompressible costs incurred by the tumor biopsy, the dispatch of samples, the bioinformatics analysis, and the multidisciplinary therapeutic decision may hamper the expected decrease in the costs of molecular profiling. However, molecular diagnosis represented a modest part (6%) of the overall cost of molecular-guided therapy for a patient. The cost analysis revealed that drugs (phase I and II drugs and approved anticancer therapies) and hospitalizations were the main cost drivers, accounting for 54 and 35%, respectively, of the total cost per patient. Interestingly, the overall cost of treating a patient with no actionable target using standard chemotherapy was as high as the cost of treating a patient with a targeted therapy and an actionable target. This is attributable to the fact that chemotherapy implies costly hospitalizations whereas many targeted drugs are given orally in an ambulatory setting; moreover, although modern chemotherapies are less expensive than targeted drugs, they remain expensive. This result could be seen as an advantage of molecular screening in advanced cancer patients. It is possible to imagine that in the near future more and more patients will be enrolled in molecular screening programs with new technologies that may identify actionable targets in nearly 80-90% of those patients. It will be possible to identify actionable targets such as mutations, amplifications, fusion genes, epigenetic alterations, and immunotherapy predictive biomarkers in the vast majority of patients. This improvement of molecular screening may enable discovery of potential targeted therapies for nearly every patient and may lower the cost of ineffective second-or thirdline chemotherapies. Nevertheless, we acknowledge that in the current trial only 40% of the patients had an actionable target identified; therefore, one can argue that for the remaining 60%, the cost of molecular profiling was somewhat unnecessary.
Very few data exist regarding the cost and cost-effectiveness of molecular medicine. 24 Using patient-level data from the Royal Marsden Cancer Centre, Slade et al. 25 estimated the cost of 28 possible pathways related to breast and/or ovarian cancer and BRCA testing. In their study, the cost per patient was estimated at £2,227. Although the pathways, technologies, and cost components taken into consideration differed, our cost estimation was consistent with their finding. Our work has several strengths. First, we used the microcosting method to calculate the cost of tumor molecular diagnostic sequencing so that all relevant cost components were identified and valued at the most detailed level. 26 Our study focused on production costs (labor, equipment, and consumables used during library preparation and sequencing), including the cost of the bioinformatics analysis. These results provide useful information that would enable the National Health Insurance System to anticipate the reimbursement of these techniques. Moreover, we estimated the cost of all the molecular-guided strategies applied (molecular diagnosis and the use of targeted therapies), based on patient-level data from a prospective clinical trial.
However, our study also had some limitations. First, some patients were not followed up at Gustave Roussy and it was not possible to collect all the information concerning them. To overcome this limitation, we used the Bang and Tsiatis methodology because patients were censored at the date of the last hospital stay for costs. 23 Second, among the phases of tumor molecular diagnostic sequencing, we could not assess all upstream investments in the research and development of bioinformatics support. 27 The analysis of the NGS data requires significant investment in bioinformatics to handle the huge amount of data generated. 28 However, one can expect a decrease in the cost of sequencing technologies when they will be used on a larger scale. Consequently, the cost of molecular diagnosis may be slightly underestimated or overestimated in our study, which provides a snapshot of cost estimates. Third, patient characteristics (cancer site and age) might affect the generalizability of our results. However, enrollment in MOSCATO was offered to all patients likely to benefit from precision medicine. Finally, this cost study mentions nothing about the value for money of molecular medicine. 29, 30 Because the MOSCATO trial was noncomparative, we were unable to perform a cost-effectiveness analysis. However, the information provided here will serve as input for the future modeling of cost-effectiveness studies.
Our study shows that the cost of molecular diagnosis accounts for a very small proportion of the total cost of the strategy, especially compared to the costs of drugs. Two factors are likely to explain this finding. First, genetic sequencing costs are decreasing. The use of new technologies available for DNA molecular analysis like NGS technologies enables multiplexing of large numbers of targeted genes (including large tumor suppressor genes) and patients in the same batch of the analysis. 31, 32 Economies of scale reduce the cost of molecular profiling, to a certain extent, in large-scale genetic analyses. There will gradually be a transition in molecular diagnosis from testing one gene to several, many, and possibly all genes. 33 Of note, almost half of the cost of molecular analysis is related to the biopsy sample and histological analysis. It is important to highlight that the tumor biopsy and tumor specimen preparation by the pathologist represent 17 and 16%, respectively, of the cost of molecular diagnosis per patient. Noninvasive biomarkers such as circulating tumor cells, cell-free DNA, and exosomes will probably be the next source of tumor material for molecular screening. These technologies need to demonstrate that the results of molecular screening will be robust, reproducible, and capable of replacing the tumor biopsy in clinical trials or in daily practice and thus will substantially decrease the cost of molecular-guided therapy per patient. These components may decrease in the future with the growing use of liquid biopsies that enable the implementation of molecular portraits using plasma samples. 34 The second explanation is the high cost of targeted drugs indicated in small populations. Because cancers are driven by a number of different genetic pathways, targeted treatment may require different drug combinations for different patients. As a result, the molecular diagnosis will contribute to the establishment of niche markets by targeting patient subsets with particular genetic biomarkers. The financial model for niche markets is as follows: targeted treatments will replace blockbuster drugs, meaning that fewer patients will benefit from more effective treatments. Moreover, it is possible that genetic biomarkers, such as KRAS or NRAS mutations, will dissuade clinicians from prescribing a particular targeted therapy for colon cancer patients who do not derive a benefit from anti-epidermal growth factor receptor antibodies. This led to restriction of the use of cetuximab and panitumumab for patients with wild-type RAS tumors. 35, 36 Therefore, a higher price is acceptable if the health benefit is greater. Because each targeted therapy creates its own niche market, drug development strategies will evolve with a decline of the blockbuster model.
In conclusion, there is a need to generate robust economic data and establish a methodological consensus on the assessment of both the cost and the cost-effectiveness of molecular medicine.
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